Introduction: Recent discoveries in cancer research have revealed a plethora of clinically actionable mutations that provide therapeutic, prognostic and predictive benefit to patients. The feasibility of screening mutations as part of the routine clinical care of patients remains relatively unexplored as the demonstration of massively parallel sequencing (MPS) of tumours in the general population is required to assess its value towards the health-care system.
The paradigm of personalised medicine is to define tumours from individual patients so as to maximise the clinical benefit of therapy, while minimising the likelihood that a patient will receive toxic, expensive and/or ineffective treatment. Underlying this paradigm is the classification of tumours on the basis of histological and/or molecular features. Tumour classification determines the diagnosis discussed with the patient and subsequently informs about surgical, radiotherapeutic and chemotherapeutic management. However, as many drug decisions are now based on a molecular target independent of the tissue of origin, there has been debate in the literature as to whether conventional histological classification remains useful (Swanton and Caldas, 2009; West et al, 2012) . Targeting gene mutations within tumours rather than necessarily treating the particular tumour type is not only of great scientific interest but has profound and long-lasting consequences for the practise of cancer medicine, for how pathology is configured and for the design of clinical trials en route to drug approval.
Translating high-throughput sequencing technologies in the diagnostic detection of actionable mutations is developing as the next fundamental step in the management of cancer patients and is becoming the standard of practice for tumour specimens. However, there are several important factors that are critical for the integration of genomic findings into clinical practice.
From a demographic perspective, data from these large cancer genomic studies are not always representative of the general population and can be skewed if recruitment of patients depends heavily on advanced-stage disease to ensure adequate tissue is available for testing. While some projects embedded in the International Cancer Genome Consortium and the Cancer Genome Atlas (TCGA; Wood et al, 2007; Hudson et al, 2010; Imielinski et al, 2012; Shah et al, 2012; Kandoth et al, 2013) have specifically selected primary, pre-treatment tumours, the individual institutions are usually large tertiary or quaternary centres rather than hospitals with a majority of samples from these studies being fresh-frozen rather than clinical samples. Consequently, it is unknown whether the mutational spectrum seen in these large-scale studies will be mirrored in the general population of cancer patients. Genetic characterisation combined with clinical information will be needed to enable more accurate tumour classification for diagnosis, prognosis and treatment stratification. Importantly, despite the commitment of patients, the health-care profession, industry and government to this approach, there is a paucity of data as to whether personalised cancer therapy is an affordable or an efficient method to deliver care to cancer patients, particularly from a societal health perspective.
While there have been recent advances in genomic technologies, the use of formalin-derived DNA, integration of a highthroughput and sensitive sequencing workflow and incorporation of a variant management system are major considerations in the implementation of an effective workflow in a molecular diagnostic setting.
To establish the infrastructure and patient cohort able to answer these questions, we established the Cancer 2015 cohort study, a prospective, multi-institutional study of newly diagnosed cancer patients. The aims of the study were to determine (1) the limitations of the quantity and quality of DNA template required for sequencing, (2) the attrition rate of clinical samples submitted for these types of testing regimes, (3) the resources needed in the interpretation of the mutations called in a high-throughput clinical setting particularly those derived from low-frequency variants due to tumour heterogeneity or sequence artefacts and (4) the population-based frequency of actionable mutations to enable accurate health economic modelling with corresponding targeted and conventional therapies.
MATERIALS AND METHODS
Cancer patients. Cancer 2015 is a large-scale, prospective, longitudinal, multisite cohort study of incident-first cancers in the Victorian population (Parisot et al, in submission) . Results presented in this paper represent phase 1 of the Cancer 2015 study aimed at establishing a feasible patient recruitment and molecular pathology workflow embedded in a diagnostic pathology laboratory. Patients were recruited from the Peter MacCallum Cancer Centre, Royal Melbourne Hospital, Cabrini Hospital, Geelong Hospital and Warrnambool Hospital, institutions representing a cancer centre, a major general hospital, a regional and a rural hospital. Formalin-fixed and paraffin-embedded (FFPE) tumour blocks or sections were acquired from anatomical pathology laboratories performing the diagnosis. Although not macrodissected, representative tumour-only samples were sent by referring pathologists to the central molecular pathology laboratory at the Peter MacCallum Cancer Centre for DNA extraction and profiling. A schematic of the workflow is shown in Supplementary  Figure 1 . This study was approved by the Human Research Ethics Committee at the Peter MacCallum Cancer Centre (HREC number 11/69) and all participating hospitals.
DNA extraction. Up to 10 sections of 5-mm thickness were cut from each block. Sections were stained with 0.5% methyl green to assist with scraping of cells from slides. The scraped cells then underwent proteinase K digestion overnight at 56 1C. DNA from FFPE sections were extracted using the DNeasy blood and tissue kit (Qiagen, Hilden, Germany) as per the manufacturer's instructions. DNA quantification was performed using the Qubit dsDNA HS Assay kit using the Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA, USA). Qubit readings were used as a guide for dilution of the DNA samples. Table 1 for full list of genes). A minimum of 50 ng of DNA was used for molecular profiling according to the manufacturer's instructions with the MiSeq system (Illumina) used for paired end sequencing with v1 or v2 150-bp kits.
Bioinformatic alignment and variant calling. CASAVA v1.8.2 was used to perform sample demultiplexing and to convert BCL files generated from the MiSeq instrument into FastQ files containing short-read data. Using the primer sequences that are present in the data, short reads were first assigned to their respective amplicon. A glocal alignment on the basis of a modified Needleman-Wunsch algorithm (Needleman and Wunsch, 1970) was then performed between the reads and the hg19-derived amplicon reference sequence. Sequence variants were detected using VarScan2 (Koboldt et al, 2012) .
Variant curation and annotation. To be acceptable for variant analysis, a quality-control (QC) filter was established that required a sample to have a minimum of 150 000 total mapped reads (B750 Â mean coverage per amplicon). Raw variants from these passed samples were deposited into 'Path-OS': an in-house webbased variant management system. To restrict our analysis to high confidence variants, only variants that had coverage of at least 100 total reads, greater than 50 variant reads and at least 8% variant frequency were further analysed. Variants recurring in more than 50% of the samples (representing likely sequencing artefacts) or variants with a high global allele frequency (X1.0%) in the 1000 genomes database were flagged and removed from this curated list. All variants were annotated using the Ensembl VEP (McLaren et al, 2010) and Annovar software Forbes et al, 2010) and TCGA databases, tumour streams were stratified into distinct histological subtypes. Tumour streams from the Cancer 2015 cohort with the largest number of patients were analysed including breast-invasive carcinoma, colorectal adenocarcinoma, lung adenocarcinoma and head and neck squamous cell carcinoma. Provisional mutation prevalence was extracted from TCGA data using the cBioportal resource (Cerami et al, 2012) . TCGA genes that were also present in COSMIC with high mutational prevalence (using the cancer browser and top 20 genes display) were analysed.
Orthogonal validation. A subset of samples (n ¼ 74) was orthogonally validated for variant calls produced by the TSACP. This consisted of different panels of the Agena Bioscience MassARRAY platform (OncoCarta v1, v2, v3, LungCarta, OncoFocus, PanCarta) . Clinical samples that passed the sequencing QC filter and were represented on an Agena panel were tested. Agena Bioscience MassARRAY validation was performed as per the manufacturer's instructions.
Statistics. Fisher's exact tests were used to examine association between categorical variables. A nonparametric Spearman correlation was used to investigate associations between the TSACP allele frequency calls vs the allele frequency calls from the Agena Bioscience MassARRAY testing. All analyses were performed using the STATA software version 6.01 (College Station, TX, USA).
RESULTS
Sample quality-control and sequencing performance. The Cancer 2015 Cohort has reached 1094 patients with newly diagnosed cancers. Of these, 936 samples yielded DNA of sufficient quantity for sequencing using the TSACP (450 ng). After sequencing, a QC filter was established for samples with insufficient read coverage 
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Number of mutations Average mutation rate because of poor processing or DNA quality. In total, 854 samples (78%) passed sequencing QC filters (Supplementary Table 2 ) with the attrition summarised in Supplementary Figure 2 . For samples that passed the QC metric filter, the mean coverage across all amplicons was 3900 Â per sample with an average of 975 229 reads for each sample. Target efficiency was good with 92.3% of amplicon reads mapping to reference on average per sample. Amplicons for CDKN2A consistently had low read coverage because of high GC content and were subsequently removed from the downstream analysis.
Variant filtering and curation. Raw variant counts for the tumour samples analysed to date exceeded 100 000. A substantial proportion of these variants were below the 10% range and primarily C4T/G4A changes, consistent with formalin-induced sequence artefacts (Supplementary Figure 3A ; Do et al, 2013; Wong et al, 2014) . Variant peaks between the allele frequency ranges of 40-60 and 80-100% mostly represented single-nucleotide polymorphisms or panel-specific sequencing artefacts. Rule-based filtering using read coverage/allele thresholds, likelihood of being an artefact and global allele frequency resulted in a total of 2017 high confidence-curated variants from all 854 samples (Supplementary Table 3 ).
Validation of mutations. Orthogonal validation of variant calls was performed on 74 samples using Agena panels. In total, 91 variants were identified that had the capability to also be identified using an Agena panel. Concordance of variants detected by TSACP and validated on the Agena MassARRAY was 100%. However, two variants (12K0099-NRAS c.182A4G, p.Gln61Arg and 12K0377-KRAS c.37G4T, p.Gly13Cys) were detected by the Agena OncoFocus panel that were not present in the final curated list of TSACP variants (97.8% sensitivity). Current filtering thresholds on the basis of minimum variant read coverage and variant allele frequency precluded these from being included in the final curated list of variants with high confidence (Supplementary Table 4) . A comparison between the variant allele frequencies called from the TSACP and the Agena MassARRAY assay showed a strong positive correlation between the two platforms (Supplementary Figure 3B ; r ¼ 0.928, Po0.0001).
Cancer 2015 cohort characteristics. The breakdown of samples that passed QC filtering across institutions and according to gender is shown in Table 1 . Most participants were 50 years of age at diagnosis, with a median age of 63±13 years. The number of participants was balanced by gender, with the exception of the Peter MacCallum Cancer Centre because of the high number of patient accruals for prostate and head and neck cancers from this centre, and the paucity of gynaecologic cancers.
To assess whether patients were a proper representation of those seen clinically, a comparison was performed between Cancer 2015 QC passed samples vs the incidence rates reported by the VCR ( Figure 1A ). Although generally proportionate to the VCR, there was a significant difference in the incidence of specific cancer types (Head and neck, cervical and melanoma) biased by the limited types of recruiting hospital sites (Po1.0 Â 10 À 4 ). The stage groups of the Cancer 2015 patients were compared with a randomly sampled set using the VCR registry data from 2011 ( Figure 1B) . The Cancer 2015 cohort has a fairly even representation of each cancer staging group, but an underrepresentation of Stage I group cancers (Po1.0 Â 10 À 9 ). This may reflect some referral biases of more advanced cancers to the tertiary centres at which Cancer 2015 was open.
Classification of actionable mutations. A mean of 2.4 mutations per sample was found. Mutagen-induced tumours tended to have higher mutation rates. For example, melanomas contained on average 3.3 mutations per tumour, lung 3.4 mutations per tumour, whereas bone and soft tissue tumours contained one mutation per tumour (Table 1) . Interestingly, cancers of unknown primary (CUP) were commonly mutated (6.06 per tumour), suggesting that some of the specimens may have a mutagenic origin and may partly explain why these tumours are more refractory to treatment.
Classification of curated mutations was resolved around a stratification approach adapted by Wagle et al (2012) using the frequency of mutations according to gene, type of mutation and the type of actionable mutation (Figure 2A ). Approximately 63% (534 out of 854) of patients had at least one clinically relevant mutation (Classes I-III). Overall, 31% of patients had a variant of prognostic/diagnostic significance (Class II), with 26% having a variant that provides sensitivity or resistant information to an approved or preclinical drug available in principle (Class IA/IB). However, there were a substantial number of patients (34%) who had a variant of unknown clinical significance (Class III).
As expected with this tumour set, TP53 was the most mutated gene, whereas mutations in NPM1 were not detected. Frameshift and nonsense mutations were more prevalent in the tumoursuppressor genes (TSGs) with few class I mutations present (Supplementary Table 5 ). Mutations were scattered through all TSGs with no defined hotspot except in canonical regions that Variants from patients were stratified based on known associated pathways, detailed in Supplementary  Table 1 . The overall percentage of variants in any particular pathway is shown in the x axis. In some cases, a gene was associated with multiple pathways, for example, NRAS for PI3K-Akt and Ras-Raf pathways. In some cases, multiple genes were mutated in the same pathway. Multiple variants in the same gene from the same patient were only counted once. Only tumour streams with more than five patients mutated in a pathway are shown, with other cases combined to the other subset.
encode functionally important domains, for example, the DNAbinding domain of TP53 (exons 4-9). In contrast, oncogenes had frequent hotspot missense Class I mutations that are known to have predictive value (for example, Codon 600 mutations in BRAF). Separation of mutations on the basis of pathways revealed that most cancer types were represented into one of four major pathways ( Figure 2B ; DNA damage control, Wnt signalling, Akt-PI3K or RAS-RAF signalling). Whereas there was some expected over-representation of mutations in specific pathways (e.g. colorectal cancer in the Wnt signalling pathway), there were also some unexpected findings such as a classical activating mutation in NRAS in a head and neck tumour. Intriguingly for CUP, there was an even representation of mutations in all four pathways consistent with the heterogeneous nature of this tumour type. Overall, tumours can be classified by mutations into the key molecular pathways that can provide valuable predictive and prognostic benefit for patients.
Comparison of the incidence of mutations in the cancer 2015 cohort to other institutional-based studies. To determine an accurate representation of mutations in the general population of cancer patients, we compared the prevalence of mutations with the COSMIC and TCGA databases to those observed in this study (Figure 3) . Examination of both colorectal adenocarcinoma and breast-invasive carcinoma cases found no significant difference in the prevalence of mutations for both tumour types across all data sets. There was, however, some noticeable differences in the invasive breast carcinoma group including the lack of AKT1 mutations reported in the TCGA data set and the higher rate of ATM mutation in the Cancer 2015 data set.
In contrast, there was a difference in the mutation distribution for lung adenocarcinoma and head and neck squamous cell carcinoma when compared with respective TCGA data sets (P ¼ 0.0451 and P ¼ 0.012, respectively), but not with the COSMIC database. The under-representation of EGFR mutations in lung adenocarcinoma, but over-representation of PIK3CA mutations in head and neck carcinoma in the TCGA data set, is of particular interest as both genes have known predictive and prognostic value to patients. TP53 mutations were almost twice as common in patients in the TCGA head and neck data set compared with the COSMIC and Cancer 2015 cohorts. Whereas there was no significant difference in the staging of lung cancer patients compared with the Cancer 2015 RC, there was a significant bias in the recruitment of stage IV tumours for head and neck cancers (Po1 Â 10 À 4 ).
DISCUSSION
The integration of massively parallel sequencing (MPS) into clinical practice using robust health economic modelling is an urgent task for health services worldwide. To address this issue, the Cancer 2015 study established a framework for a molecular pathology workflow to screen diagnostic tumour samples for common cancer genes. The feasibility of using MPS in a clinical setting has been demonstrated previously. However, previous studies were not reflective of cases seen in routine clinical practice, as they were either FFPE samples derived from cell line material (Tsongalis et al, 2013) or based on a selected number of cases from specific tumour streams (Singh et al, 2013; Wiesweg et al, 2013; Bourgon et al, 2014) . Moreover, unlike the amplicon-based approach used in this study, many of the platforms utilised require much larger amounts of input DNA with turnaround times in excess of desirable practice (Wagle et al, 2012; Frampton et al, 2013; Pritchard et al, 2014) . Compared with other large-scale genomic projects, this study was aimed to be epidemiological in nature, as accurate assessment is critical in the establishment of an effective intervention strategy for patient care including clinical trial design, types of genes to screen, genetic counselling, and so on. Population-based data are critical to understand not only the biology across the spectrum of any individual tumour type but also to assess the types and frequencies of mutations driving tumour progression through stages. Whereas this cohort under-represented stage I tumours, the major proportion of cancer patients suitable for intervention based on these genomic findings will have advanced disease. Nonetheless, this study was able to accurately capture the mutational incidence of some major tumour types in a cost-and time-effective manner. However, the data from this study have demonstrated that mutation frequencies can differ somewhat to those previously been reported. Notably, our data suggest that the mutation rate for EGFR is significantly higher in lung adenocarcinomas than anticipated from published data, suggesting that more patients could be eligible for EGFR inhibitors. This has major ramifications for regulatory agencies that regulate the safety, effectiveness and cost-effectiveness of drug treatments. Given the significant bias in the recruitment of stage IV head and neck cancers in the Cancer 2015 cohort, we cannot conclude that PIK3CA mutations are under-represented in the general Victorian cancer population. This, however, provides valuable information from a health economics prospective. Head and neck cancer patients represent the highest average cost of any tumour stream due to ongoing radiotherapy treatment (on the basis of the national medical expenditure statistics). Findings from this study may lead to a more effective treatment strategy with many latestage head and neck cancer patients potentially integrated into clinical trials for PIK3CA inhibitors (Janku et al, 2012) from the initial sites of recruitment.
Many therapeutic gene targets and pathways were found to be commonly mutated across different tumour streams. Interestingly, our findings are consistent with a previous study on a selection of CUP samples showing many somatic pathways activated in this tumour type (Tothill et al, 2013) . The heterogeneous nature of actionable mutations in different pathways for CUPs gives a rationale for mutational profiling using a broad panel of genes.
To make progress towards the real-time reporting of clinical patients, some limitations have been accepted as a result of this study. First, there were a sizeable number of samples that were not successfully sequenced. Whereas more tumour materials could be made available at biopsy for testing, this is quite difficult in some circumstances, particularly from clinically challenging sites that give limited amounts of material. Resorting to orthogonal methodologies or newer technologies that have lower input requirements would be a suitable alternative strategy. Moreover, increasing the quality of input DNA could provide a higher level of successfully sequenced samples. This could be achieved by refining and standardizing fixation procedures, optimising storage conditions of tissue blocks and/or using alternative fixatives that minimise DNA damage (Do and Dobrovic, 2015) . Importantly, upfront QC steps that assess the quality and quantity of DNA material will be paramount in directing a sample to its maximal screening potential. Complete validation of all actionable mutations was not performed in this study. However, replicates of the same sample would be a suitable approach to validate the detection of variants as well as mitigate sequencing errors. This assay was able to achieve a relatively good sensitivity compared with conventional sequencing methods. Although known pathogenic variants in the range 1-8% were observable, technical noise (contributed to by sequencing errors, artefacts of fixation and PCR artefacts) significantly obscured actual variants at this level, making detection less than 8% unrealistic at this time. Given the massive number of raw variants identified in this study, we cannot preclude that some curated variants may be false positives due to formalin-induced modifications. This also underpins the importance of a variant management system that is able to automatically and systematically filter variants with high confidence in order to ensure a high standard of reporting to clinicians.
Normal germline DNA was not sequenced in this study because of the increased sequencing cost for each case. Owing to the limited size of the regions screened in this study, common singlenucleotide polymorphism (SNP) variants were manageably identified through our variant management system and SNP data repositories. As gene panel sizes increase in the near future, particularly for targeted-capture or whole-genome sequencing platforms, this will undoubtedly be a major consideration in molecular pathology testing particularly in terms of costs, bioinformatic algorithms employed and incidental findings that may occur in sequencing germline DNA. SNP repositories such as the 1000 genomes project (Abecasis et al, 2012) and exome variant server could potentially provide a suitable means to subtract normal SNPs where normal tissue is unavailable or where sequencing of normal DNA is cost-prohibitive.
One of the challenges identified in this study is bridging the gap between research and clinical diagnostics for the interpretation of variants. The clinical significance of variant of unknown significance will undoubtedly be an area requiring more investigation in the future. Computational modelling and prediction will aid in the interpretation of these unknown variants. It is also feasible that both in vitro and in vivo models (Quintana et al, 2012 ) that functionally test the biological nature of mutations could be incorporated into diagnostic workflows, although given the need for a rapid turnaround time, this would be challenging. Ultimately, the interpretation of sequencing results to guide diagnosis and treatment decisions will likely require multidisciplinary expertise to unravel the functional and clinical implications of a result. Several of these and other recommendations should be considered for successful implementation of MPS for genomic testing of cancer patients ( Table 2 ). The incorporation of automation and a laboratory information management system would streamline processes and could achieve a turnaround time of less than 2 weeks from sample acquisition to issuing a report for this type of platform.
CONCLUSIONS
The MPS technology enabled screening of multiple gene loci for mutations in a single workflow that is feasible across a wide range of tumour types. Our findings indicate that platforms that efficiently make use of DNA template without sacrificing analytical sensitivity or specificity will be more suited for a genomic testing in cancer patients. In the future, the molecular data from this cohort and other substudies will serve as a valuable resource in answering important questions on the makeup of cancers including their underlying aetiology, cancer biology regarding cell hierarchy and tumour progression, and help in defining patterns of response and mechanisms of resistance. The increased complexity of molecular profiling, issues with variant calls and their interpretation, and the paradigm shift whereby targeted therapies may no longer be tumour stream-specific, will result in a new model of triaging patients for appropriate molecularly guided therapies.
